Carbonic anhydrases (CAs) catalyse the hydration of CO 2 to bicarbonate at physiological pH. This chemical interconversion is crucial since HCO 3 -is the substrate for several biosynthetic reactions. This review is focused on the distribution and role of CA isoenzymes in both normal and pathological gastrointestinal (GI) tract tissues. It has been known for many years that CAs are widely present in the GI tract and play important roles in several physiological functions such as production of saliva, gastric acid, bile, and pancreatic juice as well as in absorption of salt and water in intestine. New information suggests that these enzymes participate in several processes that were not envisioned earlier. Especially, the recent reports on plasma membranebound isoenzymes IX and XII have raised considerable interest since they were reported to participate in cancer invasion and spread. They are induced by tumour hypoxia and may also play a role in von Hippel-Lindau (VHL)-mediated carcinogenesis. 
CARBONIC ANHYDRASES -GENERAL ASPECTS
Carbonic anhydrases are a group of zinc-containing metalloenzymes that catalyse the reversible hydration of carbon dioxide, CO 2 +H 2 O <=> HCO 3 -+ H + . Up to now, 12 enzymatically active alpha carbonic anhydrases have been identified and characterized in mammals including 5 cytoplasmic (CA I, CA II, CA III, CA VII, and CA XIII), 2 mitochondrial (CA VA and CA VB), 1 secreted (CA VI), and 4 membrane-associated (CA IV, CA IX, CA XII, and CA XIV) forms.
CAs are virtually ubiquitous in living systems, having varied functions in animal, plant and bacterial cells. The great diversity in both cellular distribution ( Figure 1 ) and biological functions is remarkable and the catalytic activity of CAs, found in almost all organisms, is extremely high, placing the high-activity isoenzymes among the most efficient enzymes known [1] . In addition to its role in the regulation of pH homeostasis, CA activity facilitates biosynthetic processes, which involve an early carboxylation step requiring bicarbonate. These processes include gluconeogenesis and synthesis of certain amino acids (pyruvate carboxylase), lipogenesis (pyruvate carboxylase and acetyl CoA carboxylase), ureagenesis (carbamyl phosphate synthetase I), and pyrimide synthesis (carbamyl phosphate synthetase II) [2] . 
Carbonic anhydrase isoenzymes
CA I is a well characterized cytoplasmic low-activity isoenzyme with a molecular weight of about 30 kDa [3, 4] . It is one of the most abundant proteins in mammalian red cells [5, 6] . Interestingly, it is not expressed in red cells of certain species, e.g., ruminants and felids, and no haematological abnormalities have emerged in its absence as the result of a mutation. Thus, the assignment of the physiological role of CA I is problematic [7] [8] [9] . CA II is the most widely distributed member of the CA family, being present in virtually every human tissue or organ [9] . The gene for human CA II is 17 kb long and located on chromosome 8, like those for CA I and III [1, 10] . The high-active, cytoplasmic isoenzyme CA II has a turnover number of 1.3-1.9×10 6 /s under physiological conditions, and thus it is one of the most efficient enzymes known [11] [12] [13] . CA II participates in the control of bone resorption. Osteopetrosis, involving renal acidosis and cerebral calcification, is a human recessive inherited syndrome with a deficiency of CA II as a primary defect [14] [15] [16] [17] . Even though CA II is the most abundant isoenzyme in the alimentary tract, no gastrointestinal symptoms have been associated with CA II-deficient patients. Hormonally regulated cytoplasmic CA III has very low CA catalytic activity. On the other hand, it seems to protect from hydrogen peroxide-induced apoptosis and induce cell proliferation, whereas CA II does not have these effects [18] . These results suggest that CA III may provide protection against oxidative damage, and the lower levels of free radicals in cells overexpressing CA III may also affect growth signalling pathways.
To date four membrane-associated CA isoenzymes have been identified. CA IV is a glycosylphosphatidylinositol-anchored enzyme being expressed in the apical plasma membrane of epithelial cells (Figures 1, 2) . The gene for CA IV is located on chromosome 17 [19, 20] and the molecular weight of the human protein is 35 kDa [21] . Human CA IV is present in the subepithelial capillary endothelium in all segments of the gastrointestinal canal as well as in epithelial cells of colon and gallbladder [22, 23] . CA V is a low-activity isoenzyme located in the mitochondrial matrix [24] . cDNA for human mitochondrial CA V was originally cloned from a human liver cDNA library, and its gene was localized to chromosome 16 [24] . Recently, two laboratories independently characterized another mitochondrial CA and thereafter the two isoenzymes have been termed CA VA and CA VB [25, 26] . The expression of human CA5A mRNA has been demonstrated only in liver [26] . In the alimentary tract, CA5B mRNA has been shown in pancreas and salivary glands by reverse transcription-PCR (RT-PCR) [26] . CA VI is to date the only known secretory isoenzyme of the CA gene family. This isoenzyme with a molecular weight of 39-46 kDa has several properties that distinguish it from the well-characterized cytoplasmic isoenzymes [27] [28] [29] [30] [31] [32] [33] . On the other hand, the catalytic domain of CA VI is highly homologous to four other "extracellular" CAs (CA IV, CA IX, CA XII, and CA XIV), which are in fact transmembrane proteins with an extracellularly exposed CA domain [34, 35] . CA VII is a cytoplasmic isoenzyme, the gene of which has been isolated from a human genomic library [9, 36] . The gene is about 10 kb long and located on chromosome 16, and the predicted amino acid sequence of CA VII has shown that it is the most highly conserved isoenzyme in mammals [37] . Recombinant CA VII has shown high enzyme activity, but the expression of the protein in tissues has not yet been described [38] . Its mRNA has been detected in the human salivary gland [36] , rat and mouse lung [39] and mouse brain neurons [37, 40] . CA IX was first recognized as a novel tumour-associated antigen, MN, in several human carcinomas and normal gastric mucosae [41, 42] . When the full-length cDNA for MN protein was cloned, it was found to contain a central part with sequence homology to the CAs [42, 43] , on which basis the MN protein was named CA IX [44] . Human CA9 gene has been mapped to chromosome 17 [45] . CA IX is a glycoprotein of 54 and 58 kDa mass expressed at the basolateral plasma membrane of epithelial cells ( Figure 1 ) and, in some cases, also in nuclei [46] . The mature CA IX molecule consists of a proteoglycan-like domain, CA domain, transmembrane segment, and a short intracellular tail ( Figure 2 ) [42] . [74, 86] Hepatocytes CA IV 3 5 Epithelial cells of [22, 23, 61, 86] oesophagus duodenum colon rectum biliary tract Subepithelial capillary endothelium CA V 3 0 Hepatocytes [14, 24, 79] β-cells of Langerhans islets CA VI 4 2 Epithelial cells of [62, 64] salivary glands von Ebner's glands CA VII CA IX 54/58 Epithelial cells of [61, 78, 88, 117] salivary glands oesophagus stomach duodenum jejunum ileum colon rectum biliary tract pancreatic duct CA XII 4 4 Epithelial cells of [117] salivary glands stomach colon pancreatic acini CA XIII 3 0 Epithelial cells of [52] salivary glands intestine colon CA XIV 37.5
Expression of CA9 gene is subject to complex regulation both via promoter/enhancer elements at the level of transcription initiation [47] and via VHL tumour suppressor protein, possibly at the level of transcription elongation [45, 48] . CA IX has been linked to oncogenesis, and its overexpression has been observed in malignant tumour cells. CA IX expression was found to be regulated by cell density in HeLa cells and to correlate with tumourigenicity in HeLa cell/fibroblast cell hybrids [49] . Moreover, transfection of NIH3T3 fibroblasts with CA IX caused changes in both morphology and growth parameters that were indicative of transformation [42] . Another active transmembrane CA isoenzyme is CA XII. CA12 gene has been mapped to chromosome 15 [50] . The cDNA sequence predicts a 354-amino acid polypeptide with a molecular mass of 39 448 Da [45, 50] . The amino acid sequence includes a 29-amino acid signal peptide, 261-amino acid CA domain, an additional short extracellular segment, a 26-amino acid hydrophobic transmembrane domain, and a 29-amino acid C-terminal cytoplasmic tail containing two potential phosphorylation sites. The extracellular CA domain has three zinc-binding histidine residues found in active CAs and two potential sites for asparagine glycosylation [50] . It has a sequence identity of 30-42% to other CAs. The reported molecular weight of CA XII produced in transfected COS cells is 43-44 kDa. It is reduced to 39 kDa by PNGase F digestion, which is consistent with the removal of two oligosaccharide chains [50] . Recombinant CA XII protein is an active isoenzyme and its catalytic properties are similar to those of the high-activity membrane-associated CA IV [51] . Recent analyses of human and mouse databases provided evidence that human and mouse genomes contain genes for still another cytosolic CA isoenzyme named CA XIII. It is a globular molecule with high structural similarity to CAs I, II, and III [52] . Recombinant mouse CA XIII has catalytic activity similar to those of mitochondrial CA V and cytosolic CA I. Immunohistochemical staining and RT-PCR have shown a unique and widespread distribution pattern for CA XIII protein and mRNA compared to the other cytosolic CA isoenzymes. It is present in several gastrointestinal organs including salivary glands, small and large intestine.
CA XIV is a recently described transmembrane isoenzyme [35] , consisting of a putative amino-terminal signal sequence, a CA domain with high homology with other extracellular CAs, a transmembrane domain and a short intracellular C-terminal tail. A cDNA coding for human CA XIV has been reported and the CA14 gene has been mapped to chromosome 1q21 [53] . The Northern blot method showed CA14 mRNA expression in human heart, brain, liver and skeletal muscle. RT-PCR analysis pointed to an intense signal in the normal human liver and spinal cord. RNA dot blot analysis showed weak signals in the small intestine, colon, kidney, and urinary bladder [53] . By immunohistochemistry, CA XIV protein has been demonstrated in the mouse brain, liver, and kidney [54] [55] [56] . In the brain, high signal has been detected in the neuronal membranes and axons [54] . In the liver, CA XIV is confined to the plasma membrane of hepatocytes [55] . Interestingly, it is located in both the apical and basolateral membranes. In contrast, the other transmembrane isoenzymes, CA IX and XII, are clearly restricted to the basolateral membranes. The location in apical and basolateral membrane domains has been described for CA XIV also in the kidney, where the enzyme is expressed in the proximal tubules and thin descending limb of Henle [56] . In addition to the members of the classical CA gene family, a 66-kDa polypeptide was recently purified from several rat tissues on CA inhibitor affinity chromatography [57] . Its amino acid sequence has revealed that it represents the previously cloned and characterized nuclear protein, nonO/p54 nrb , a non-POU (Pit-Oct-Unc) domain-containing octamer-binding protein, which is homologous to the nuclear 54 kDa RNA-binding protein [58, 59] . CA activity of nonO is interesting because no other classes of mammalian proteins except CAs have been shown to bind specifically to CA inhibitor affinity chromatography matrix and to contain CA catalytic activity. CA catalytic activity in nonO could explain at least part of the nuclear CA activity seen in histochemical CA staining [57] . It also suggests that CA activity is an important factor in transcriptional regulation, which would be a novel function for CA.
CARBONIC ANHYDRASES IN THE GASTROINTESTINAL TRACT
Carbonic anhydrases are evolutionarily ancient enzymes, which can be found along the entire GI tract, from the mouth and salivary glands to the rectum (Table 1 ) [60] [61] [62] . However, there is a considerable heterogeneity between different organs with respect to CA enzymatic activity, isoenzyme content, and their cellular localization. It is also notable that CAs of the GI tract can serve several functions such as regulation of acid-base homeostasis, salt absorption and cell volume [63] .
Major digestive glands
Three CA isoenzymes, CAs II, VI, and XIIII, are known to be expressed in the mammalian salivary glands [52, 64] . A study by Leinonen et al. [65] showed that salivary CA VI was associated with the enamel pellicle, a thin layer of proteins covering the dental enamel. It has also been detected in the gastric mucus, but the failure to find any expression of it in the gastric epithelial cells [60] implies that gastric CA VI must be of salivary origin. CAs II, VI, and XIII may together form a complementary system regulating the acid-base balance in the mouth and upper alimentary tract [63, 64, 66, 67] . CAs II and XIII in the salivary glands may supply the saliva with HCO 3 -and the CA VI secreted into the saliva would then accelerate the removal of bacterially produced acid from the local microenvironment of the tooth surface in the form of CO 2 . This hypothetical model of CA VI functions is supported by Kivelä et al. [68] , who showed that low salivary CA VI concentrations were associated with increased caries prevalence, particularly in subjects with neglected oral hygiene. In the gastric mucus, CA VI may contribute to the maintenance of pH gradient on the surface epithelial cells by catalyzing the conversion of bicarbonate produced by these cells and protons of the gastric juice to water and carbon dioxide.
Recent studies have shown that CA VI is also present in human and rat milk [69] . The high concentration of CA VI in colostrum suggests that it may play an important developmental role in the morphogenesis of the gastrointestinal canal during the early postnatal period.
There are two other findings pointing to novel physiological roles for CA VI. First, gustin, a salivary factor involved in taste perception, was shown to be identical to CA VI [70] , and second, identification of a novel stress-inducible intracellular form of CA VI (type B) suggests that the enzyme could also participate in intracellular pH changes induced by stress, including apoptosis [71] . Compared with other secretory organs, the mammalian liver contains relatively low levels of total CA activity. A basic physiological function of CA II in the liver is to produce HCO 3 - for the alkalization of the bile [72] . The mammalian liver expresses high levels of mitochondrial CA V [14, 24, 26] , which has been implicated in two metabolic processes: ureagenesis and gluconeogenesis, supplying bicarbonate for the first urea cycle enzyme, carbamyl phosphate synthetase I in ureagenesis and for pyruvate carboxylase in gluconeogenesis [73] . The presence of low activity, hormonally regulated CA III in hepatocytes [74, 75] has aroused interest in its specific function. Cabiscol and Levine [76] have demonstrated that it functions in an oxidizing environment and that it is the most oxidatively modified protein in the liver known so far. These and other results [18] suggest that CA III may provide protection against oxidative damage and CA III may serve as a useful marker protein to investigate the in vivo mechanisms, which contribute to oxidative damage in the liver.
In addition to CA II, CA III, and CA VA, hepatocytes contain CA XIV [55] . Positive signal for CA XIV was detected in both domains of the plasma membrane, i.e. basolateral and apical (canalicular), but the apical membrane was more strongly labelled by immunohistochemical staining [55] . CA XIV is the only membrane-bound CA isoform which most probably regulates pH and ion transport between hepatocytes, bile canaliculi and hepatic sinusoids. CA II is expressed in epithelial cells of the hepatic bile ducts and gallbladder [60, 77] .
Immunohistochemical studies have also shown that two membrane associated CA isoenzymes, CA IV and CA IX, are expressed in the biliary epithelial cells, whereas hepatocytes are negative [23, 78] . It is notable that both isoenzymes show high expression in the human gallbladder -CA IV at the apical and CA IX at the basolateral plasma membrane. Based on the localization, CAs might be involved in acidification and concentration of bile, even though the exact functional mechanisms have not been described.
Pancreas contains two morphologically and functionally different elements: endocrine and exocrine compartments. CA I is expressed in α-cells of the endocrine Langerhans islets [60] . However, the physiological role of CA I in α-cell function has remained unclear. CA V is another isoenzyme described in the endocrine pancreas where its expression is solely confined to β-cells [79] . The suggestion that CA V may have a role in the regulation of insulin secretion was based on its cellular distribution and the observation that the CA inhibitor acetazolamide inhibited glucose-stimulated insulin secretion [79] . In the exocrine pancreas, immunohistochemical staining has shown an intense positive signal for CA II in epithelial duct cells [80] [81] [82] , where its role has been linked to secretion of bicarbonate into the pancreatic juice [72] . In addition to CA II, both CA IX and XII have been detected in the pancreatic epithelium, the expression being confined to the basolateral plasma membranes of acinar and ductal cells [83] . The mechanisms involved in the pancreatic duct cell ion transport have been recently reviewed by Ishiguro et al. [84] . They presented a model where the basolateral plasma membrane contained Na + -HCO 3 -cotransporter and Cl -/HCO 3 -exchanger. The bicarbonate secretion across the apical plasma membrane was proposed to occur by exchange for Cl -ions on Cl -/HCO 3 -exchanger working in parallel with the cystic fibrosis transmembrane conductance regulator (CFTR) Cl -channel. Solving the question of how different CAs can function in pancreatic duct and acinar cells will be a challenging task, not least technically. The knockout mouse models will hopefully provide invaluable information on the role of each isoenzyme. It is noteworthy, however, that recent studies on CA IX-deficient mice did not reveal any obvious pancreatic phenotype [85] .
Gastrointestinal canal
Squamous epithelial cells of the human oesophagus express several CA isoenzymes. The cytoplasmic low-activity isoenzymes CAs I and III are confined to the basal cell layer, where they have been suggested to facilitate the efflux of CO 2 and H 2 O from metabolically active basal cells to capillaries of lamina propria [86] . CA II has been located in the suprabasal cell layers, where it may contribute to HCO 3 -secretion [60, 86] . The presence of this high-activity isoenzyme in the oesophagus is physiologically important, because endogenous HCO 3 -secretion is capable of raising the pH of the gastro-oesophageal refluxderived residual acid from 2.5 almost to neutrality [87] . The immunohistochemical evidence for the presence of CA II in the human oesophagus is thus in accordance with the biochemical evidence that the oesophagus disposes of an endogenous mechanism for protecting the mucosa against acidity, but suggests that the stratified oesophageal epithelium rather than the submucous glands is responsible for HCO 3 -secretion. In addition to cytoplasmic isoenzymes, two membraneassociated CAs are expressed in the oesophageal epithelium. Immunohistochemical studies have revealed a positive signal for the membrane-linked CA IV in suprabasal cell layers [86] . Similarly, weak immunostaining for CA IX has been found in the basal layer of the oesophageal epithelium [88] . Immunohistochemical techniques have revealed cytosolic CA II in parietal cells of the gastric glands, where it regulates the acidity of the gastric juice by proton secretion [5, 60, 63, 81] . On the other hand, in gastric surface epithelial cells CA II is involved in the secretion of mucus and HCO 3 -to form a bicarbonate containing mucous gel layer covering the epithelium and protecting it from digestion. This gastroduodenal HCO 3 -secreted by the surface epithelial cells neutralizes the gastric acid [89] . Membrane-associated CA IX is another major CA isoenzyme expressed in gastric epithelium. Both parietal and surface epithelial cells contain CA IX at the basolateral plasma membrane [78] . Evolutionary conservation in vertebrates and the abundant expression of CA IX in normal human gastric mucosa have indicated its physiological importance. CA IX may participate in physiological processes via the activity of its CA-like domain. On the other hand, basolateral localization of CA IX suggests its possible involvement in intercellular communication and/or cell proliferation. Recent study on CA IX knockout mice demonstrated that this enzyme deficiency could result in a clear gastric phenotype [85] . These mice showed gastric hyperplasia and numerous cysts in gastric mucosa. The number of proliferative cells in gastric mucosa was increased, whereas the indices of gastric secretion showed normal values.
In the small intestine, CA I has been found in cryptal enterocytes [61] and CA II in surface epithelial cells [60] . High expression of CA IX has been reported in the epithelium of intestinal mucosa, where CA IX is confined to the basolateral cell surface of enterocytes and the cellular distribution is restricted to the proliferative cryptal enterocytes [61, 78] . Interestingly, its regional expression is distinctive compared with other CAs, being most intense in the duodenum and jejunum and decreasing distally to only weak and sporadic expression in the distal large intestine [61] . It is known that cytosolic CAs I, II, and XIII are expressed in non-goblet epithelial cells of the mammalian colon [5, 52, 60, 61] , in which these isoenzymes may participate in the regulation of electroneutral NaCl reabsorption via the synchronous operation of apical Na + -H + and Cl --HCO 3 -exchange [90] . In addition to cytosolic CAs I, II, and XIII, and mitochondrial CA V, intestinal enterocytes express at least four membrane-associated isoenzymes, CA IV [22] , CA IX [61, 78] , CA XII [91] , and CA XIV [55] . In the colon, CA IX is restricted to the colonic glands [61] . CA XII is highly expressed in the caecum, ascending colon, transverse colon, descending colon, sigmoid colon, and rectum. The expression is confined to the basolateral plasma membranes in enterocytes and is most prominent in the surface epithelial cuff region of the large intestine [91] . The new evidence that at least eight enzymatically active CA isoenzymes (CAs I, II, IV, V, IX, XII, XIII, and XIV) are expressed in the mammalian large intestine indicates the complexity of the physiological processes occurring in the GI tract. In addition, CA isoenzymes are differentially expressed along the intestinal segments and also between cryptal and villal enterocytes. Finally, it is a matter of debate whether the regulatory mechanisms could be different depending on the species studied. Even though some of these isoenzymes have heretofore been demonstrated only in rodents or humans, it is conceivable that general transport and pH regulation mechanisms are qualitatively similar in various species [92, 93] . CA function is ultimately linked to certain transport proteins in both apical and basolateral cell membranes. In a recent article, Kunzelmann and Mall [94] have thoroughly reviewed these ion transport mechanisms in both colonic absorption and secretion. Identification of various ion transport proteins in the colon has made it possible to build schematic models for ion movement in different segments of the colon. Figure 3 represents a model for colonic ion and water transport that incorporates current knowledge regarding membrane transport processes [92, [94] [95] [96] [97] . It is important to emphasize that it is still a matter of discussion whether some of the proposed ion transport proteins are functional in the human colon. The absorption of NaCl can be electrogenic or electroneutral depending on the site of the process. In the proximal colon the absorption is primarily due to an electroneutral process via parallel luminal Na + /H + and Cl -/HCO 3 -exchange [98] . Electroneutral luminal Na + uptake is driven by the basolateral Na + -K + -ATPase lowering intracellular Na + concentration. Na + and Cl -transport is coupled via changes in intracellular pH and Cl -concentration [99] . Electroneutral NaCl absorption is also stimulated by short-chain fatty acids (SCFA), which are produced by colonic bacteria. The absorbed SCFA can stimulate apical Na + /H + and Cl -/HCO 3 -exchangers, thus having a significant impact also on the regulation of colonic fluid balance and luminal as well as cytosolic pH [94] . The electrogenic absorption of NaCl mainly occurs in the distal colon via the luminal epithelial Na + channels (ENaC) and transcellular/paracellular absorption of Cl - [100] . [92, [94] [95] [96] [97] The participation of colonic CA in the electroneutral NaCl reabsorption is well established. Studies with acetazolamide suggest that CA activity is involved in the absorption of NaCl via the synchronous operation of apical Na + /H + and Cl -/HCO 3 -exchange processes. CAs are also shown to participate in the alkalization of the luminal contents by generating HCO 3 -for apical Cl -/HCO 3 -exchange [101] . Recent exciting results from Casey's laboratory have indicated that CAs can physically and functionally associate with Cl -/HCO 3 -(AE1) and Na + /H + exchangers [102] [103] [104] . So far, CA IV is the only membrane-bound CA isoenzyme known to interact with AE1 protein [103] . It would be tempting to hypothesize that CAs IX, XII, and XIV could also drive ion exchange across the plasma membrane via direct links with transport proteins. The locations of membraneassociated isoenzymes CAs IV, IX, XII, and XIV in the surface epithelium of the colon, place them in a strategic position for the regulation of luminal and extracellular acid-base homeostasis and microclimate [22, 55, 61, 91] . The net movement of water in colon is driven osmotically. Water is transported via both paracellular and transepithelial routes [105] . Although the proteins involved in NaCl absorption have been studied for decades, the exact molecular mechanisms of water absorption have remained largely unresolved. Recently, new information on water channel proteins, aquaporins (AQP), has opened new avenues to explore this understudied area of physiology. From different isoforms of AQPs, at least AQP3, AQP4, and AQP8 are expressed in colonic epithelial cells [106] [107] [108] [109] . AQP3 and AQP4 are expressed at the basolateral plasma membrane like CA XII. AQP8 is confined to the apical plasma membrane like CA IV and CA XIV. Interestingly, Nakhoul et al. [110] have shown that in Xenopus oocytes CO 2 flux can be mediated by AQP1, and therefore, AQPs could act as a gas channel even though CO 2 has earlier been believed to diffuse freely across the cell membranes. Despite that there is no experimental evidence yet available, one could speculate that AQPs would be an interesting target when searching protein interactions of membrane-bound CAs. By analogy to ion exchangers, AQPs are typically expressed in tissues expressing high levels of CAs such as colon, liver, pancreas, kidney, salivary gland, and stomach tissues [111] .
CARBONIC ANHYDRASES IN NEOPLASTIC GASTROINTESTINAL TISSUES
To date, CA expression has been studied most extensively in colorectal tumors [91, 112, 113] . Scattered reports have also been published on hepatobiliary [114] , pancreatic [83, 115] , esophageal [88] , and gastric tumours [116] . In view of the recent experimental data, it appears inevitable that some CA isoenzymes may play a role in carcinogenic processes such as uncontrolled cell proliferation and malignant cell invasion. Studies have shown an important causal link between hypoxia, extracellular acidification, and induction or enhanced expression of these enzymes in human tumours [117] . A first direct link has been obtained by the discovery that isoenzymes CA IX and XII are down-regulated by wild-type VHL tumour suppressor protein, and a mutation in VHL gene can lead to overexpression of these enzymes [45] . CA IX is a predominant isoenzyme in various tumours including those arising from the GI tract. It has been demonstrated that CA IX is expressed in proliferating enterocytes of the normal human colon and its expression is increased in most adenomas and primary colorectal carcinomas [61, 113] . The co-occurrence of CA IX and Ki-67 at the site of rapid cell proliferation indicates that CA IX could be used as a biomarker of increased cell proliferation in colorectal mucosa. Furthermore, its high expression in premalignant lesions such as adenomas suggests
that it might be an especially useful biomarker in early stages of adenoma-carcinoma sequence.
Recent results have demonstrated that in colorectal tumours the expression of CA XII is up-regulated in the deep parts of the mucosa where it is weakly expressed [91] . In contrast, CAs I and II have shown maximal immunoreactions in normal colorectal mucosa, and the reactions decline in adenomas and carcinomas [118] . The reciprocal changes in the expression of soluble cytoplasmic isoenzymes (CAs I and II) and membrane-associated forms (CAs IX and XII) observed in colorectal tumours are probably due to different mechanisms. Loss of expression of the closely linked CA1 and 2 genes could result from loss of alleles specifying these genes. As a second option, the down-regulation of CAs I and II could also result from reduced levels of a common transcription factor. The latter is supported by a recent finding that a reduced expression of CA II in colorectal cancer is due to disruption of β-catenin/TCF-4 activity [119] . Up-regulation of CAs IX and XII could also be explained by two different mechanisms. First, contribution of microenvironmental stress to development of tumour phenotype has become an increasingly accepted explanation. Indeed, Wykoff et al. [120] have demonstrated a close connection between tumour hypoxia and the expression of CAs IX and XII. They showed that up-regulation of CA IX occurred at the level of transcriptional activation via HIF-1 transcriptional complex, the critical mediator of hypoxic responses. The transcriptional complex hypoxia-inducible factor-1 (HIF-1) has emerged as an important mediator of gene expression patterns in tumours [121] . HIF-1 is regulated by ubiquitin-mediated proteolysis and targeted for destruction by the pVHL in normoxia and stabilized under hypoxia [122] . Both CA9 and CA12 are strongly induced by hypoxia in a range of tumour cell lines. They define a new class of HIF-1-responsive genes, the activation of which has implications for the understanding of hypoxic tumour metabolism and which may provide endogenous markers for tumour hypoxia [120] . Second, overexpression of CAs IX and XII has been associated with the loss of expression of the VHL tumour suppressor gene. In 1998, Ivanov and his group [45] used renal cell carcinoma cell lines stably transfected with wild-type VHLexpressing transgenes to discover genes involved in VHLmediated carcinogenesis. The involvement of CAs IX and XII was indirectly supported by the findings that normal von Hippel-Lindau protein down-regulated the expression of both CA IX and CA XII, while the mutations in the VHL gene found in renal cell carcinomas could lead to overexpression of these isoenzymes.
The VHL gene is a tumour suppressor gene. This means that its role in a normal cell is to stop uncontrolled growth and proliferation. If the gene is deleted or mutated, its inhibitory effect on cell growth can be consequently lost or diminished, which in combination with defects in other regulatory proteins, can lead to cancerous growth. VHL seems to act as a 'gatekeeper' to the multistep process of tumourigenesis. The molecular mechanisms by which the product of VHL (pVHL) modulates the expression of target genes are not well understood. The original hypothesis based on the discovery of elongin B bound to pVHL assumed that VHL could negatively regulate transcription elongation of target genes, CA9 and CA12, by inhibiting the elongin function. Although this expectation has been confirmed in vitro, there is no compelling evidence to date that pVHL can exert the same effect in vivo [45, 123, 124] . Both CA IX and CA XII are transmembrane proteins with catalytic domain on the cell exterior, suggesting that they might participate in acid-base regulation of the extracellular space. There is substantial evidence that extracellular pH of human tumours is generally more acidic than that of normal tissues [125] and that this acidic pH may enhance both the migration and the invasive behaviour of some tumour cell types [126] . Ivanov et al. [45] hypothesized that CA XII might be involved in tumour invasion by acidifying the extracellular milieu surrounding the cancer cells. This acidification would, in turn, contribute to the activation of enzymes involved in extracellular matrix degradation. This hypothesis is supported by more recent findings that acetazolamide, a potent inhibitor of CA activity, could reduce the invasive capacity of renal cancer cells [127] . Even more interesting from this point of view is the finding that a similar effect was described in a number of other malignant cell types including those derived from colorectal cancer [128] . The mechanism by which CA inhibitors affect tumour growth is not known at present, but several hypotheses have been proposed. These compounds might reduce the provision of bicarbonate for the synthesis of nucleotides and other cell components. On the other hand, CA inhibitors could prevent the acidification of extracellular milieu. A combination of several mechanisms is also possible. E7070, a member of recently reported class of antitumour sulfonamides, blocks cell cycle progression in the G1 phase. It has been suggested that E7070, possessing a free SO 2 NH 2 moiety, probably acts as a strong CA inhibitor [129] . This compound demonstrates significant antitumour activity both in vitro and in vivo against different human tumours, e.g. human colon carcinoma. E7070 produces not only growth suppression but also reduction in tumour size. The clinical trials with E7070 may turn out to be successful, since CA inhibitor (acetazolamide) has already been shown to be beneficial in anticancer therapies in combination with cytotoxic agents [130] .
